We present experimental studies of high-order harmonic generation in the rare gases performed with a short-pulse titanium sapphire laser operating at 794 nm in the 10 -10 W/cm range. The harmonic yields generated in neon and in argon are studied for all orders as a function of the laser intensity. They vary erst rather steeply, in the cutoff region, then much more slowly in the plateau region, and, Bnally, they saturate when the medium gets ionized. The dependence of the high-order harmonic cutoff with the laser intensity in neon and argon is found to be lower than that predicted in single-atom theories. We observe high-order harmonics in argon and xenon (up to the 65th and 45th, respectively) at 10 W/cm, which we attribute to harmonic generation from ions. We also show how the harmonic and fundamental spectra get blueshifted when the medium becomes ionized.
I. INTRODUCTION
High-order harmonic generation in gases is one of the most promising ways of producing short-pulse coherent radiation in the soft-x-ray range. The generation of energetic photons by frequency conversion in rare-gas media has now been demonstrated in several laboratories, for example, in Saclay (135th harmonic of a 1053 nm Ndglass laser [1] ), in Stanford (109th harmonic of a 806 nm Ti-sapphire laser [2] ), and in Tokyo (25th harmonic of a 248 nm KrF laser [3, 4] ). Many lasers have been used to produce harmonics, from short-wavelength excimer lasers [3, 5, 4 , visible dye lasers [6, 7] , to infrared Nd-glass systems [1, 8 -10] . Among the "state-of-the-art" lasers well adapted for the eKcient production of harmonics and their utilization, the titanium sapphire (Ti-S) laser developed recently in Stanford [11] stands out. They have short pulse durations, 100 -200 fs, relatively long wavelengths (800 nm), high repetition rates (10 Hz) , and broad tunability. The Grst harmonic generation experiments performed with a Ti-sapphire laser system [2, 4, 12] have indeed shown that very short wavelengths could be generated in a gas of neon (or helium) atoms, the shortest being about 7 nm, i.e. , 170 eV corresponding to the 109th harmonic of 806 nm [2] .
In a low-frequency high-intensity regime, the harmonic spectrum presents a characteristic behavior: it falls off for the first few harmonics, then exhibits a pLateau extending sometimes to more than 150 eV [1, 2] . The plateau ends up by a rather sharp cutoff. One of the most interesting questions concerns the extension of the plateau. By performing time-dependent calculations for a number of atomic systems in various conditions of laser intensity and frequency, Krause, Schafer, and Kulander [13] predicted that the width of the plateau varies as Ip + 3Up, where I" is the ionization energy and U"= e E /4mtu the ponderomotive energy, i.e. , the cycle-averaged oscillation energy of a free electron in the field. e and m are the charge and mass of the electron, E is the field strength, and u is the laser frequency. The same law can also be found by using simpler models such as the b-function potential model employed by Becker and co-workers [14, 2] . Some insight into the physical meaning of this formula has recently been given by Schafer, Kulander, and. Krause [15] and by Corkum [16] , using a quasiclassical approach. In this model, electrons first tunnel through the barrier formed by the atomic potential and the laser field [17, 18] . Their subsequent motion in the Geld is treated classically. Only those electrons that return to the nucleus can emit harmonics by recombining to the ground state. The maximum kinetic energy acquired by the electrons from the field when they return to the nucleus is 3.2Up, so that the maximum emitted energy is I"+ 3 2Up close to the prediction of [13] . Thus, harmonic generation in a lowfrequency high-intensity regime can be understood as a three-step process: tunnel ionization followed by acceleration of the electron in the field and scattering by the atomic potential leading to recombination back to the ground state.
Recently we have presented [19] an experimental study of the harmonic generation cutoff law using a short-pulse Ti-sapphire laser system. Systematic measurements of the harmonic generation yields in neon have been performed. The experimental cutoff energy was found to be lower than that predicted in single-atom theories [13, 14] .
To understand this effect, we have investigated the inhuence of propagation [20, 21] and in particular of focusing on the cutoff energy, using single-atom dipole moments obtained from a simple quantum-mechanical theory of harmonic generation valid in the tunneling limit. In a tight focusing limit, i.e. , when the length of the medium is larger than the coherence length induced by focusing, 1050-2947/93/48(6}/4709(12)/$06. 00 48 4709 1993 The American Physical Society propagation in the nonlinear medium lowers the extension of the harmonic plateau in a significant way, from I"+ 3.2U" to approximately I"+2U" for the high harmonics.
In the present paper, we give a full account of the experimental part of Ref. [19] . We present systematic experimental studies of harmonic generation not only in neon as described in [19] , but also in the other rare gases, in xenon, argon, and helium. The production of the highorder harmonics is investigated over a broad spectral range from 15 to 150 eV (the limits of our spectrometer), in various focusing conditions, and over a broad range of intensities (10 -10 W/cm ), both below the saturation due to ionization and above it. We use ionization rates Ineasured in the same experimental chamber, at lower pressure, to check our determination of the focused intensity. The harmonic generation yield is studied for all orders (from the 13th to the 79th in neon and to the 35th in argon) as a function of the laser intensity. The use of a long focal length (2 m) allows us to optimize the number of photons produced in neon and to study the harmonic yields below saturation with a large dynamical range. In xenon and argon at high laser intensity (10 W/cm ), we see much higher-order harmonics than expected from the cutofr' law, which we attribute to harmonic generation in ions. Finally, we show how the harmonic and fundamental spectra get blueshifted (broadened on the blue side) as the medium becomes ionized.
The paper is organized as follows: In Sec. II, we describe the laser system and the experimental apparatus.
The main results of this work which consist of systematic studies of intensity dependences in neon and argon are presented in Sec. III and discussed in Sec. IV. Finally, in Sec. V, we present measurements performed above the saturation intensity in xenon and argon. We summarize in Sec. VI.
II. DESCRIPTION OF THE EXPERIMENT A. Laser system
The laser used in this experiment is the new Tisapphire terawatt laser system at the Lund High Power Laser Facility. This system is based on chirped pulse amplification and has unique properties of broad tunability, short-pulse width, high peak power, and high repetition rate (10 Hz). A schematic diagram of the laser is given in Fig. l .
The oscillator, generating 10 nJ, 100 fs seed pulses, is a Kerr-lens mode-locked Ti-S laser (Coherent Mira) pumped by an argon-ion laser. The seed pulses are stretched to 260 ps in a grating stretcher before being electro-optically injected (at 10 Hz repetition rate) into a regenerative amphfier (RGA). In the RGA, the pulses make 24 passes through a Ti-S crystal pumped by the frequency doubled output from a Nd: YAG laser (where YAG denotes yttrium aluminum garnet). The amplification of the RGA is about 10, with output energies of about 10 mJ.
After expanding the beam to a diameter of about 8 mm, the pulses are further amplified in a linear four- Ti-S crystal, pumped at 10 Hz with up to about 1.4 J of frequency doubled Nd: YAG radiation. The pulse energy after amplification can be varied continuously between about 10 and 450 mJ by varying the amount of pump energy to the final amplifier. Before temporally recompressing the pulses, the beam is further expanded to a diameter of 50 mm. Due to bandwidth narrowing and additional group velocity dispersion picked up during the amplification, the final pulse width after compression is longer than that of the oscillator pulse. The passage through the double-pass grating compressor gives rise to a 40% energy loss. The best characteristics of the final output from this 10 Hz system are 150 fs, 250 mJ, 1.5 TW, a wavelength between 760 and 840 nm, with a 9 nm spectral width at 800 nm. In the experiments described in this paper, the laser was operated at a fixed wavelength, around 794 nm. The peak wavelength of the oscillator was actually set to 792 nm, but in addition to the spectral narrowing in the amplification chain (mainly in the RGA), there is also a slight redshift of about 2 nm. The pulse width, as will be discussed below, was about 250 fs.
B. XUV spectrometer
The spectrometer built up in Saclay for the generation and detection of harmonics is schematically described in Fig. 2 . The laser is focused just below the nozzle of a pulsed gas jet by a f=l m or f=2 m lens. The density of gas in the interaction volume could be varied, but was typically about 20 Torr (7 x 10 atoms/cms). The light is analyzed on axis by a monochromator consisting of a toroidal mirror and a 700 grooves/mm plane grating (Jobin Yvon), both coated with gold. In order to optimize the collection efIiciency, we image directly the laser focus, without entrance slit. However, we have added a 1 cm-wide diaphragm at 0.5 m from the focus, in order to reduce the plasma light produced at high laser intensity (in xenon and argon) relative to the harmonic light. The mirror, placed 1 m from the laser focal spot to minimize the risks of damaging the optics with the incident laser light, refocuses the radiation onto a 100 pm output slit. The laser light reflected by the grating is trapped before being focused too much in order to avoid plasma generation on the walls of the chamber. Before the exit slit, we can place free standing aluminium and silver filters, e.g. , to eliminate second orders or stray light from the grating. The photons are detected by an electron multiplier. The spectral range covered by this system is approximately 8 -80 nm.
One of the most important experimental diKculties is to have a good calibration of the detection system. This requires the knowledge of the spectral eKciencies of the extreme ultraviolet (XUV) optics and of the electron multiplier.
We have performed a series of experiments at SuperACO (Super Anneau de Collisions d'Orsay), using the rnonochromatized synchrotron radiation from the line SA23 (with a spectral range from 20 to 200 eV). In these experiments, the gas jet in I"ig. 2 is replaced by an entrance slit, followed by an electron multiplier of the same type as the one placed after the exit slit, which can be moved into and out of the light trajectory. This allowed us to obtain a reliable relative eKciency of our spectrometer from 20 to 160 eV. Unfortunately, we were not able to get an absolute calibration: The number of photons reported in the figures below has been obtained from a previous absolute determination [22] by estimating the absolute gain of the electron multiplier and the optics efficiency. The uncertainty is estimated to about one order of magnitude. tures. We use two different lenses (f=l m and f=2 m) and apertures of diameters between 17 and 39 mm. Using hard apertures before the focusing lens in a (non-Gaussian) laser beam gives rise to non-Gaussian spatial distributions in the focal plane. These distributions are measured by using microscope objectives placed in the focal region and a charge coupled device (CCD) camera. Thus we obtain, for example, a focal section of 2.6 x 10 cm, with a 1 m focal lens and a 26 mm iris, i.e. , about four times the difFraction limit for a Gaussian beam of diameter 26 mm.
The laser pulse width is determined by autocorrelation techniques. We use a slow scanning autocorrelator with a resolution of about 5 fs. The assumption of a sech temporal profile leads to a full width at half maximum of 250 fs. Below the main narrow peak, we observe a weak shoulder in the autocorrelator trace (about 1 ps long). Using an autocorrelator of second order only, we cannot determine whether this shoulder is due to a slow rise or fall time, or both. However, this broader base contains some fraction of the measured pulse energy and hence influences our intensity determination.
The pulse lengths and spatial profiles are assumed to be constant throughout the experiments. The pulse energies are measured on a shot-to-shot basis using a beam splitter and a calibrated photodiode. The relative intensities are believed to be accurate to within 5'%%uo. However, due to the reasons described above, the absolute intensity must be assigned an uncertainty of about + 50%.
The absolute intensity can also be inferred by performing ions measurements in the same experimental conditions. The pulsed gas nozzle is removed (see the inset in Fig. 2 ) and the vacuum chamber is 611ed up with a static gas pressure below 10 Torr. The ions produced by the focused laser radiation are collected by a simple 20-cm-long time-of-flight spectrometer. Some of the results obtained in argon, neon, and xenon are shown in Another experimental difhculty is the determination of the focused laser intensity, which requires the measurement of the laser energy and information on both the spatial and the temporal characteristics of the focused laser pulse.
The incident laser beam has a diameter of approximately 50 mm, but the spatial profile is not Gaussian.
In the experiments described in this paper, we always use only the central part of the beam, using hard aper- Fig. 4 . However, due to the a e recorded width is a complex function of the h spectral width.
The spectra in Xe and Ar have been obtained at ver saturation inten cm much a in ensi ies for these gases (see Fig. 3~ . The decrease in the harmonic d t 'b t' ' shar is ri u ion is not ver shar armonic in xenon in th' armoinc at a higher intensity) and up to the 65th harmonic in argon. We will come back to th ac o e interpretation ese igher-order harmonics in Sec. V A. The signalto-noise ratio is extremely hi h for the ' 3 monies~10 in argon 10 in x nm in e an 25 noise o served in the region below 40 nm X nm in argon is due to stra li ht fr nm ' s ray ig rom the grating arising rom e very intense low-order harm~armonics. ™ e use of aluminium Alters reduces th low uces is noise, which comes from ower-energy ultraviolet light.
The spectrum recorded in helium e t m ex en s to much or er wavelengths, down to about 8 the d o a ou nm. In this case e decrease observed from the 81st h of our s ectro e s armonic is the cutoK o our spectrometer [1] . Below of photons is calculated by taking into account the spectral response of the monochromator, assuming a constant width (equal to the instrumental width of 0.5 A) for all orders. This leads to an overestimation of the high-order harmonics relative to the (broader) low-order ones. The error, however, is estimated to be less than a factor of 3.
The spectra exhibit the characteristic plateau and cutoff features, apart from the neon spectrum obtained at the highest intensity. The latter shows no cutoff, because of the limitation of our spectrometer towards short wavelengths. As the intensity increases, the strength of the harmonics in the plateau slowly increases and more harmonics join the plateau. This is true up to the saturation intensity, at which the medium ionizes. This intensity is estimated to be about 2.5 x 10i W/cm in argon and 8 x 10 W/cm in neon (see Fig. 3 ). The spectra at the highest intensity in Figs. 5(a) and 5(b) have been obtained just above the saturation intensity for the two gases.
The ionization cross section of argon exhibits a Cooper minimum at about 48 eV [24, 25] . The harmonic strength is proportional to the probability for the electron to recombine to the ground state and therefore to the 6.eldfree ionization cross section [15, 16, 19] . The harmonic spectra obtained with a Nd-glass laser system [1] and with a shorter pulse (120 fs) Ti-sapphire laser [26] indeed show a minimum at the 41st harmonic of the Nd-glass system (a/ = 1.17 eV) and at the 31st harmonic of the Ti-S laser (a/ = 1.54 eV). The spectrum obtained at the highest intensity in Fig. 5 (a) shows a structure around the 29th -31st harmonic, whic we believe to be a trace of this Cooper minimum. Unfortunately, in our experimental conditions, the medium ionizes before the harmonics in the Cooper minimum region reach the plateau.
The precise determination of the cutoff energy in these spectra is not easy, because the cutofF is not sharp, especially at high laser intensity. We have used another method, based on the study of the harmonic yields as a function of the laser intensity [2] . The harmonic strength varies much more rapidly with the laser intensity in the cutofF region than in the plateau. It exhibits a marked change of slope (in a logarithmic scale) as it goes from the cutoff to the plateau. This is illustrated in Fig. 6 , showing the variation with intensity of the 15th harmonic in argon. Each data point corresponding to one energy bin represents an average of over 100 shots. The circle indicates the intensity at which the 15th harmonic joins the plateau. The curve saturates at higher laser intensity (above 2 x 10 W/cm ), when the medium ionizes (see Fig. 3 ).
In Fig. 7 (a) -7(e), we plot the harmonics obtained in neon from the 19th to the 79th. The use of a very long focal length (2 m) allows us to have a good dynamical range of almost four orders of magnitude. The harmonics appear successively as the intensity increases. This is not true for the low-order ones, from the 13th to the 19th, which appear at approximately the same laser intensity (10 W/cm ). The harmonic strength varies first rather rapidly with the laser intensity in the cutoff region. Then they reach the plateau and exhibit a much slower dependence with the laser intensity. As the harmonic order increases, the variation in the cutofF region becomes more rapid and the variation in the plateau slower. For example, the 35th harmonic varies approximately as I in the cutofF region and as I in the plateau.
In Fig. 8 , we plot the harmonics obtained in argon from the 19th to the 35th. The intensity dependences are similar to those obtained in neon for the lowest-order harmonics. Note the drop of the numbers of photons at the 29th and 31st harmonics, corresponding to the position of the Cooper minimum (see the above discussion). The highest-order harmonics (31st, 33rd, and 35th) appear at a higher laser intensity, above saturation (2.5 x10 4 
10'
W/cm2). They vary quite slowly with the laser intensity. In Fig. 9 , we compare the intensity dependences of the 15th harmonic in xenon, argon, and neon. We have adjusted the horizontal and vertical scales to make the three curves coincide at low intensity. The intensity dependences are very similar for the three gases. The main difFerence is the position of the saturation intensity, relative to the intensity at which the harmonic joins the plateau. In xenon, the medium ionizes before the 15th harmonic reaches the plateau. In argon, there is approximately a factor of 2~5 between the two intensities. Finally, in neon, the saturation intensity is barely reached and the plateau grows over almost one order of magnitude in intensity. Below saturation, the three curves are remarkably similar, which seems to point out to a weak atomic dependence in this low-frequency high-intensity regime.
IV. STUDY OF THE CUTOFF LAW

A. Results in neon
In Fig. 10 , we report the position of the change of slope observed in the intensity dependences (see Fig. 7 ) for all of the harmonics in neon from the 13th to the 79th. We express the intensity in units of the ponderomotive energy U"= 5.9 x 10 i I (with I, the laser intensity, in W/cm ). The vertical scale on the right is the harmonic order, the one on the left is the harmonic photon energy.
There are two ways to read this plot: It gives the position of the cutofF intensity for a given harmonic, i.e. , the intensity at which the harmonic reaches the plateau. It also gives the maximum energy of the plateau (cutoff energy) for a given intensity. The first conclusion is that the points corresponding to the harmonics higher than the 27th are aligned. A linear regression gives a cutofF law equal to 21+ 2.4U". For comparison, we show the single-atom prediction 21.6 + 3.2U& in dashed line.
The cutofF law determined experimentally is significantly lower than that predicted by the single-atom results. If we use the intensity determination obtained by comparing our ion measurements to tunnel ionization predictions, the experimental intensity is increased by a factor of 25%, which gives an even lower cutoff' law, equal to 21 + 1.9U". Although our experimental uncertainty on the laser intensity does not allow us to say unambiguously that the measured cutofF is lower than the single-atom prediction, there is a strong indication, based on the ion measurements, that it is indeed the case.
B. Results in argon
We have performed the same analysis in argon and the results are shown in Fig. 11 . The cutofF energy for the argon harmonics below the 29th varies as 10+ 2.4U&. The ionization energy in argon is equal to 15.8 eV. Again, A possible origin for this lower cutoff is the effect of propagation in a tight focusing geometry. In Ref. [19] , we examine in detail phase-matching effects in this lowfrequency high-intensity regime. We have performed series of calculations in various geometries in order to illustrate the difference between a loose and a tight geometry for the intensity dependence of the cutoff energy. We refer the reader to [19] for more details about the calculations and the comparison between theory and experiment. Brie8y, the physical idea is the following. In a tight focusing geometry, phase matching depends strongly on the variation of the polarization with intensity [21] . When this variation is rapid, as is the case in the cutoff region, the polarization is mostly concentrated close to the focus, with maximum cancellation effects between the fields created before and after the focus, and consequently, poor phase matching. When the variation of the polarization with intensity is slow, the volume of emitting dipoles is more important, the near-field pro6. le gets distorted, the cancellation effects are reduced, and phase matching is much more eKcient.
Consider how a given harmonic varies with the laser intensity, in the single-atom response and in the manyatom response. There are three intensity regions.
(i) The peak intensity is lower than the intensity at which the harmonic reaches the plateau in the single-these experimental results indicate that the measured cutoff law is lower than the one predicted in the singleatom response (shown in dashed line). The reason why the coordinate at the origin seems to be lower than the expected 16 eV is not clear at present. It could simply be due to the experimental inaccuracy. The cutoff energy saturates for the harmonics beyond the 29th simply because the medium becomes ionized before these high harmonics reach the plateau. The saturation intensity is equal to 2.5 x10 W/cm, which corresponds to a ponderomotive energy of 15 eV from which the points deviate from the 10 + 2.4U~line.
C. Discussion atom response. Then, the microscopic harmonic emission varies rapidly with the laser intensity. Phase matching is poor, but stays approximately constant. The variation with intensity of the macroscopic emission follows that of the single-atom response.
(ii) The peak intensity is higher than that needed for the harmonic (emitted by a single atom) to be in the plateau, but there is a significant part of the interaction volume that experiences a lower intensity, corresponding to the cutoff region for the single-atom response. In this intensity region, the microscopic emission rate varies more slowly and exhibits oscillations [2, 19, 27] . In contrast, phase matching increases rapidly, because the volume contributing to the emission increases.
(iii) The peak intensity is such that most of the volume experiences an intensity corresponding to the plateau region for the single-atom response. Both the microscopic emission and the contribution of phase matching vary slowly with the laser intensity.
Consequently, if the geometry is of the tight focusing type, the change of slope in the intensity dependence of the harmonic strength will occur at a higher intensity in the many-atom response than in the single-atom response, when both the single-atom emission rate and the contribution of phase matching vary slowly with intensity. In other words, at a given intensity, the cutoff energy will be lower in the many-atom response than in the single-atom response.
Focusing becomes a limitation to harmonic generation when the geometrical coherence length (L, h) is comparable or smaller than the length of medium L. The coherence length for qth-order harmonic generation can be approxirnated by the simple expression L,~= orb j2(q -1), where b is the laser confocal parameter. Calculations performed in Ref. [19] in neon for our experimental conditions (i.e. , a confocal parameter 6 estimated to 1.3 cm and an interaction length L of 1 mm) show that the cutoff energy shifts from I"+3. 2U" to about I"+2U"when L, h becomes smaller than 0.7L, i.e. , from the 29th harmonic.
The results of these calculations are consistent with our experimental data, especially when using the intensity determined from the ion measurements. They explain the lower cutoff for the high harmonics such that the geometry is of the tight focusing type and also the higher slope observed for the lower-order harmonics (generated in a loose geometry).
The results obtained in argon (see Fig. 11 ) are more diKcult to explain, since the lower cutoff is observed for the lowest orders, such that the beam is rather loosely focused. The change of geometry coincides with the ionization of the medium. We think that a better understanding of these results could only be achieved by performing more complete calculations on this particular atomic systern. The existence of the Cooper minimum makes the determination of the cutoff energy more diKcult, at least for a certain range of intensities.
V. HARMONIC CENKRATION IN AN IONIZED MEDIU M
Finally, we have studied the generation of harmonics in xenon and argon at very high intensity, such that the medium is significantly ionized. Our aim was twofold: to observe harmonic generation from ions and to measure the deformation of the spectral profile (blueshift) of the fundamental and of the harmonics in parallel as a function of intensity and gas pressure. The open triangles correspond to data points in xenon obtained at a slightly higher laser intensity (estimated to 2 x 10 W/cm ).
A. Harmonic generation from ions
The positions of I"+3 2Up at the saturation intensities determined experimentally for the two rare gases (see Fig. 3 ) are indicated in the figure. The second plateaus observed both in xenon and in argon up to the 45th and to the 65th harmonics, respectively, extend far beyond the cutoff expected for the harmonic emission from a single neutral atom (and a fortiori for the emission from the neutral medium). The intensity is higher than the saturation intensity for Xe+ and Ar+ ions (see Fig. 3 ) and therefore high enough for the generation of harmonics from these ions. Note that the levels of the two plateaus dier by almost five orders of magnitude. This comes from the reduced eKciency in the single-ion response [13, 28] and from the poorer phase matching in ionized media, influenced by the free electron dispersion. We have not studied this harmonic emission in more details, because of the low signal-to-noise ratio [see Fig.  4 (a) and 4(b)]. These high-order harmonics could only be observed in a certain window of intensity and gas pressure (20 Torr). Varying the intensity, density, focus position, etc. leads to a decrease in the signal-tonoise ratio and the disappearance of those high-order
harmonics. This is also why no second cutoff was detected. However, we think that the existence of these harmonics at a fairly high intensity can only be understood by invoking the contribution of ions (and possibly of multiply charged ions in the xenon case). Although harmonic generation from ions has been observed previously using high-frequency lasers (KrF) [3 -5, 13,28] , this paper presents evidence for emission from ions with a low-frequency laser, with possibilities of producing much higher photon energies.
B. Blueshift of the fundamental
The shift towards shorter wavelengths of a short-pulse laser focused into a gaseous medium has been observed previously in a cell geometry (at a much higher pressure) [29] and also in a gas jet, in a very similar configuration [2] . It has been discussed in several theoretical papers [21, 30] . The blueshift originates from the free electrons created during the laser pulse, which induce a variation of the refractive index [21] , 27cc bni (r, z, t) = -JV, (r, z, t),
where cu denotes the laser frequency and JV, (r, z, t) the electron density. The time variation of the index (i.e. of the phase) leads to a spectral blueshift of the fundamental field. The space variation of the index leads to defocusing of the beam [31, 30] , so that the peak intensity in vacuum is never reached in a dense medium. The precise calculation of the blueshift at a given intensity requires us to perform a complete propagation calculation including not only the phase modulation induced by ionization but also these refraction effects which reduce the efFective intensity in the medium. However, the expected blueshift can be estimated simply by the following expression (CGS units), A e2 dA', 1 
2' mc3 dt
At saturation, we can approxiinate dJV, /dt by JVp/7', where JVo is the initial atomic density and w is the laser pulse width. In our experimental conditions (20 Torr, A = 794 nm, L = 1 mm), the expected blueshift is 2 nm.
In the experiment, the spectrum of the fundamental is recorded after the interaction with the nonlinear medium, by using some of the light scattered in the chamber, further guided through an optical Aber and lens coupled to an f =27 cm Acton spectrometer. The output of the spectrometer is imaged onto an optical multichannel analyzer and detected by a gated, image intensified, 1024 channel diode array. In Fig. 13 , we show the spectra of the fundamental (integrated over 200 laser shots) at three different laser intensities, 6.5 x 10 W/cm, 1.1 x 10 W/cm (just above the saturation intensity of xenon), and 2.3 x 10i W/cm2. The pressure in the xenon gas jet is 20 Torr. The spectrum taken at the lowest intensity is similar to the spectra taken without gas, even at high intensity. The observed structures are reproducible and exist without gas. The spectra exhibit a net shift towards short wavelengths, equal to 2 nm for the highest intensity one, in good agreement with the previous estimation.
This value is also very close to the result obtained by Macklin, Kmetec, and Gordon [2] in neon instead of xenon, but otherwise similar conditions.
C. Blueshift of the harmonics
The spectral shift of the harmonics originates from the variation of the refractive index at frequency q~and from the spectral shift of the fundamental. The latter is simply hi~= hAi/q (bar~= qRui), whereas the shift induced by the propagation of the harmonics in the medium [see Eqs. (1) and (2)] is 8%~= 8Ai/q (8m~= hei/q) [21, 32] .
The eKect of the free electrons is much smaller than the efFect of the shift of the fundamental field for the high harmonics and one expects the shift of the harmonics to be equal to the ratio of the fundamental shift by the process order.
Our XUV spectrometer, with no entrance slit and a 100 pm output slit, does not allow us to measure the true spectral distribution of the individual harmonics. However, thanks to the short-laser-pulse duration, the linewidth of the lower-order harmonics becomes noticeably greater than the experimental width imposed by the XUV spectrometer (0.5 A). We can therefore study the variation of the spectral width and shift of these harmonics with the laser intensity or gas pressure and we can correlate the shift of the harmonics to that of the fundamental.
In Fig. 14, we show the spectral profiles of the 15th harmonic in xenon obtained at the same intensities and pressure as in Fig. 13 . At the lowest intensity, the harmonic width at half maximum is 1.7 A. As the intensity is increased, the profile broadens significantly (2.3 A at 1.1 x 10 W/cm, 3 A. at 2.3 x 10 W/crn ) and the central wavelength shifts. The blueshift of 1.5 A. between the spectral profiles from the lowest to the highest intensity is consistent with the one observed on the fundamen- Fig. 15 , we compare the spectral profiles of the 15th harmonic in xenon, at the same laser intensity (1.1 x 10 4 W/cm ) at three pressures, 20 Torr, 30 Torr, and 40 Torr. The width of the harmonic is almost constant. The increase of gas pressure alone induces no additionnal spectral broadening, only a global displacement of the profile. The blueshift depends linearly on the initial atomic density, which is exactly verified from this result.
Finally, we present in Fig. 16 the spectral profiles of 10 10 CL ---7. 5.
---2. Both spatial and temporal effects [33] can affect significantly the shift and broadening of the spectral line shape as a function of the laser intensity. In the spatial domain, the amount of blueshift is more important on axis, where the intensity varies more rapidly, than away from it. In the time domain, the amount of blueshift depends on whether or not the harmonic is predominantly created at the beginning of the laser pulse (with little ionization and consequently a small spectral distortion of the fundamental) or later in the pulse. This leads to a complex intensity-dependent spectral shift and broadening of the harmonic line shape, strongly dependent on the variation with intensity of the nonlinear polarization, in the region of the saturation intensity. In particular, the spectral distortion of the harmonics should depend on whether the harmonic has reached the plateau regime at saturation. This could explain the difference between the results shown in Fig. 14 Fig. 16 . As shown in Fig. 9 , the 15th harmonic in xenon belongs to the cutoff region up to the saturation intensity whereas there is a large intensity range before saturation where the 9th harmonic in argon belongs to the plateau regime, with a slow intensity dependence. Consider the generation of the 9th harmonic at a peak intensity above saturation. The harmonic starts being generated early in the pulse, before significant ionization takes place, and therefore at an unshifted wavelength. It is also generated later in the pulse, when the intensity reaches the saturat;ion intensity and therefore at a blueshifted wavelength. This leads to a rather large and regular broadening of the spectral profile, which, if we forget about the spatial effects, could be interpretated as a frequency chirp of the harmonic beam. This cannot occur in the 15th harmonic in xenon, because the plateau regime is not reached before saturation (Fig.   9 ). In that case, harmonic generation takes place predominantly at saturation intensity and the harmonic is much more uniformly shifted.
and in
We have performed additional measurements for other (low-order) harmonics, in different conditions of pressure and intensity. Our conclusion is that these results confirm that the harmonics are spectrally shifted when the gaseous medium gets ionized. The spectral shift simply follows that of the fundamental. This effect begins just below the saturation intensity for the rare gases studied ( 10 W/cm in xenon and 2.5 x 10 W/cm in argon) .
VI. SUMMARY
Using a high-repetition rate, short-pulse Ti-sapphire laser system, we have performed systematic studies of high harmonic generation in noble gases. By investigating the intensity dependences of the yields of the different harmonics, insight has been obtained regarding the formation of the characteristic plateau and the extent of this plateau as a function of the laser intensity.
At low intensity, the harmonics are in the cutoff region and their strength vary rapidly with the laser intensity. As the intensity increases, the harmonics join the plateau one after the other. The rate of variation with intensity of a given harmonic changes suddenly from the cutoff region (rapid variation) to the plateau region (slow variation, similar for all of the harmonics). Finally, the saturation intensity for ionization is reached and the yields of all harmonics saturate. For the high harmonics, the cutoff energy, i.e. , the photon energy of the highest harmonic in the plateau, is found to increase linearly with laser intensity. The constant of proportionality, however, is smaller than that that predicted in the single-atom response. This effect is probably due to propagation effects in the tight focusing regime, which applies for the high harmonics.
In xenon and argon exposed to laser intensities much above the saturation intensities for ionization, we have observed harmonics well above the theoretical cutoff for the single-atom emission. The highest harmonics in these spectra, up to the 45th in Xe and 65th in Ar, are probably due to the contribution of ions. This is evidence for harmonic emission from ions using a low-frequency laser. It opens ways for reaching very short-wavelength coherent radiation [13] .
Ionization of the nonlinear medium leads to timedependent changes in the refractive index. This causes a spectral broadening and a blueshift of the laser radiation propagating through the medium. The spectral broadenings and shifts of the harmonics generated in the ionizing medium are found to be proportional to the broadening and shift of the fundamental laser radiation. Complex spatial and temporal effects may be suspected, which would deserve a detailed theoretical investigation.
